4-4`-azopyridine: pap; pyrazine: prz.
1
H Diffusion-ordered Spectroscopy (DOSY) experiments for 1·[PF6]4 (1 mM in acetone-d6 or 0.4 mM in 10% MeOD-d4/90% D2O sodium cacodylate buffer (1 mM, pH* 7.4) and 2·[PF6]4 (0.4 mM in 10% MeOD -d4/90% D2O cacodylate buffer (1 mM, pH* 7.4)) were performed on the AV500 spectrometer at 298 K.
In order to study the stability of complexes 1·[PF6]4 and 2·[PF6]4 in aqueous solution, 2D DOSY 1 H NMR was employed. Spectra were recorded at t = 1 h after dissolution of the complex and t = 24 h after incubation at 310 K in 10% MeOD-d4/90% D2O sodium cacodylate buffer (1 mM, pH* 7.4). Assignments in Figure 2 (main script): complex 2·[PF6]4 (purple triangle), free linker (orange circle) and Os II arene dimer (green square); these species have markedly different diffusion coefficients (m 2 /s, y axis). In a similar experiment with complex 1·[PF6]4, no new diffusion signals were observed after 1 h (see Fig. S10 ), indicative of its higher stability.
Elemental Analysis. Elemental analysis (carbon, hydrogen and nitrogen) was carried out through Warwick Analytical Service using an Exeter analytical elemental analyzer (CE440).
Electrospray Ionization Mass Spectrometry (ESI-MS).
Spectra were obtained by preparing the samples in methanol or 10% methanol/90% water and infusing into the mass spectrometer (Bruker Esquire 2000). The mass spectra were recorded with a scan range of m/z 500-1000 or 800-2000 for positive ions. Data were processed using Data Analysis .0 m/z) from aqueous solutions. [3] Refinement used SHELXL 97. [4] Hydrogen atoms were placed at geometrically calculated positions and refined riding on their parent atoms. Anisotropic displacement parameters were used for all non-H atoms; H-atoms were given isotropic displacement parameter equal to 1.2 (or 1.5 for methyl H-atoms) times the equivalent isotropic displacement parameter of the atom to which they are attached.
In case of complex 1·[PF6]4·2CH2Cl2·CH3OH, no hydrogens were located on the methanol but were included in the formula so as to calculate the correct density. The structure contains a molecule of dichloromethane modelled as disordered over two positions with the occupancy allowed to refine then fixed at 50:50. The p-cymene ligand C201-C210 was modelled as disordered over two positions (C202-C210 and C21A-C30A) by a small rotation around the bond to Os1 and refine to a ratio of 47:53. p-Cymene ligand C301-C310 had disorder in the isopropyl group modelled as disordered over two positions in the ratio of 56:44. One PF6 -counterion (P10-F16) was modelled as disordered over two positions and refined to a ratio of 75:25. The minor component P10A-F16A was refined isotropically. The other PF6 -counterion was also disordered over two positions but this was complicated by a molecule of methanol that had the carbon siting on an inversion centre. As this methanol was very close to one of the disordered PF6
-molecules, a model was developed where both a half occupied PF6 -P20-F26 and the symmetry related disordered component P20A-F26A at half occupancy and a partially occupied methanol (25% occupancy) where contained in a Part-1. This gave a refinement that converged and gave chemically sensible distances between the disordered components. Drawings of crystal structures were made with Ortep-3 and Mercury 2.4.
For complex 2·[PF 6 ] 4 ·6CH 3 OH·2H 2 O, the hydrogens were located on the bridging hydroxides O1 and O2 in a difference map and their positions were allowed to refine freely but given thermal parameters equal to 1.5 times the atom they were attached. The hydrogens on the water O33 were located in a difference map and refined with DFIX and DANG restraints to give the appropriate O-H bond lengths and given thermal parameters U iso 1.5 times the U equiv of the parent oxygen. The unlocated hydrogens were placed in the formula so as to give the correct calculated density. The P20 atom was disordered with two orientations about the phosphorus atom and the occupancy of the two components was linked to a free variable which refined to a ratio 77:23 major:minor. The minor component was refined isotropically.
Crystallographic data have been deposited in CIF format in the Cambridge Crystallographic Data Centre (https://www.ccdc.cam.ac.uk/): CCDC 1059768 = complex 1, CCDC 1059767 = complex 2.
Cell Cultures. A2780, A549 and H596 cells were cultured in RPMI 1640 cell culture medium supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine and 10% fetal bovine serum (all from Sigma).
Determination of IC50 Values. The concentrations of the osmium complexes that inhibit 50% of the proliferation of cancer cells were determined using the sulforhodamine B assay. [5] A2780 cells were seeded in 96-well plate (Falcon) at 5000 cells/well, and incubated for 48 h before the treatment. The complexes were solubilised in DMSO to provide 10 mM stock solutions. These were serially diluted by cell culture media to give concentrations four-fold greater than the final concentrations for the assay. The complexes diluted in cell culture media were added to the 96-well plate with cells in triplicate. The final DMSO concentration in each well was no more than 1% (v/v). The media containing the complexes were removed after 24 h. The cells were washed with phosphate buffered saline once and cell culture medium was added (150 µL/well). The cells were then allowed to grow for a further 72 h. The surviving cells were fixed by adding 150 µL/well of 50% (w/v) trichloroacetic acid and incubated for 1 h in the fridge (277 K). The plates were washed with tap water three times and dried under a flow of warm air, 0.4% sulforhodamine B solution (100 µL/well) was added, followed by washing with 1% acetic acid five times and drying under a flow of warm air. The dye was dissolved in 10 mM Tris buffer (200 µL/well). The absorbance of each well was determined using a Thermo Multiskan Ascent plate reader (Labsystems) at 540 nm. The absorbance of SRB in each well is directly proportional to the cell number. Then the absorbance was plotted against concentration and the IC50 determined by using Origin software.
Circular and Linear Dichroism (CD and LD). CD/LD spectra of ct-DNA (200 µM in bases) modified by the two tetranuclear osmium complexes were recorded at ambient temperature (ca. 293 K) on a CD Jasco J-815 spectropolarimeter adapted for LD spectroscopy. DNA-metal complex adducts were prepared as follows: an appropriate volume of the osmium complex (stock solution was 400 M in 5% DMSO/95% sodium cacodylate buffer (1 mM), pH 7.2) was added to a 200 µM ct-DNA solution (dissolved in 1 mM sodium cacodylate buffer, 20 mM NaCl, pH 7.2) at different ratios, keeping the ct-DNA concentration constant in all the experiments. The ct-DNA base to metal complex mol ratios were 20:1, 10:1, 5:1 and 2.5:1). CD spectra were recorded at 293 K at 200 nm/min, data integration time 1 s and 4 accumulated scans, in a quartz cuvette with 0.5 cm pathlength.
Linear dichroism (LD) is directly related to the orientation of DNA relative to the helix axis. This technique was used to study the geometry of DNA adducts of cationic osmium tetramers 1 and 2.
[6] Changes in the intensity of the negative LD band at 260 nm might result from either an increase in DNA flexibility or a shortening of the DNA by kinking, bending, compaction or aggregation. [7] The LD experiments were performed with a small volume quartz LD cell with a rotating outer quartz cylinder of internal diameter of 2.9 mm, and stationary inner cylinder, a 2.4 mm diameter quartz rod.
[8] The rotation speed used in the experiments was 3000 rpm.
Atomic force microscopy (AFM). Topographic images of pBR322 plasmid DNA (4363 bp) with tetramers 1·[PF6]4 or 2·[PF6]4 were collected on a Veeco Multimode V instrument with a Nanoscope V controller operating in tapping-mode. All solutions were prepared with 18.2 MΩ⋅cm Milli-Q water filtered through 0.2 nm filters and centrifuged once (8000×g) to avoid salt deposits in order to provide a clear background for AFM images. Plasmid DNA stock solutions were kept at 253 K. MgCl2 was employed at a concentration of 0.9 mM in H2O to increase attachment of negatively-charged plasmid molecules to the mica surface. [9] Open-circular (OC) and linear (L) plasmid molecules were obtained after incubating a solution of supercoiled pBR322 plasmid DNA (2.5 g/mL) in HEPES buffer (2 mM, pH 7.2) at 333 K for 30 min. [10] DNA-osmium complex adducts were prepared by adding an appropriate volume of the Os(II) complex in HEPES buffer (DNA base to metal complex ratio 5:1 or 2.5:1 as indicated) to the incubated plasmid DNA (final plasmid concentration = 1.6 g/mL) in 2 mM HEPES buffer (pH 7.2). Samples were prepared for AFM by placing a drop (12 μl) of plasmid DNA solution (1.6 g plasmid/mL) or DNA-metal complex solution onto freshly cleaved mica (9.9 mm diameter, Agar Scientific Ltd.) pre-treated with MgCl2 (0.9 mM aqueous solution) for a firm adsorption of the negatively charged DNA. After adsorption for 5 min at room temperature, the samples were gently rinsed for 10 s with 18.2 MΩ⋅cm Milli-Q water directed onto the mica surface using a squeeze bottle. The samples were blow-dried with compressed dry N2 and the images were obtained in air at room temperature (ca. 293 K). The cantilevers used for imaging were Bruker FMV Si probes (k 2.8 N/m, nominal tip radius 10-12 nm). Two samples from each mixture were imaged in several places to obtain reliable measurements at two different DNA base-to-metal complex ratios. The control plasmid was also imaged for each experiment under the same experimental conditions. Images were processed using WSxM software.
[11]
Computation. All calculations were performed with the Gaussian 03 (G03) program [12] employing the DFT method, Becke three parameter hybrid functional and Lee-Yang-Parr's gradient corrected correlation functional (B3LYP). [13] The LanL2DZ basis set [14] and effective core potential were used for the Os atom and the 6-31G basis set [15] was used for all other atoms. Geometry optimizations of complexes 1·[PF6]4 and 2·[PF6]4 in the ground state were performed in the gas phase and the nature of all stationary points was confirmed by normal mode analysis. The conductor-like polarizable continuum model method (CPCM) [16] with acetone as solvent was used to calculate the electronic structure and the excited states of 1·[PF6]4 and 2·[PF6]4 in solution. One-hundred and twenty singlet excited states and the corresponding oscillator strengths were determined with a Time-dependent Density Functional Theory (TDDFT) [17] calculation. The electronic distribution and the localization of the singlet excited states were visualized using the electron density difference maps (EDDMs).
[18] GaussSum 1.05 [19] was used for EDDMs calculations.
Synthesis and characterization
AgNO3 (85.6 mg, 0.51 mmol) was added to a suspension of [Os(η 6 -p-cym)Cl2]2 (100 mg, 0.13 mmol) in 10 mL of water. The suspension was stirred overnight at ambient temperature. A white precipitate was filtered off giving a yellow clear solution. When 4,4'-azopyridine (23.2 mg, 0.13 mmol) was added, the color changed from yellow to red immediately. The red solution was stirred overnight at ambient temperature. NH4PF6 (205.4 mg, 1.26 mmol) was added to the red solution and a brown-red precipitate was collected, washed with methanol and diethyl ether and finally dried in vacuo. Yield 94.4 mg (63 %). 1 where n = number of reflections and p = number of parameters 4+ 2·each show Os II coordinated to a para-cymene ligand through η 6 bonding, one N donor from the bridging ligand (pap or prz) and two O-donor atoms from bridging hydroxido groups. The Os−OH bond distances for both 1 and 2 (2.087(2)−2.114(4) Å) are similar to those found in other hydroxido-Os II complexes (Table S2 ). The hydroxido-bridged Os−Os bond distances of 3.334 Å in 1 and 3.309 Å in 2 (Table S2) , are longer than those reported for hydroxido-bridged Os II benzene complexes.
[20] (Fig. S2D) where it is also possible to observe intense absorption peaks below 300 nm, corresponding to transitions which have ligand-centered (pap and prz) and metal-centered character. The interaction of metallosupramolecular complexes with DNA, including those derived from ruthenium [21] and rhodium [22] , has been previously studied by other authors using different techniques. However studies on organometallic osmium complexes using AFM are scarce. Our AFM experiments and discussion of results are detailed in the following sections.
Discussion of AFM results:
1. AFM analysis of free pBR322 plasmid DNA: AFM images were recorded 30 min after mixing and again after 24 h of incubation at 310 K. Typical images of the control sample where the free pBR322 plasmid was deposited onto Mg 2+ -treated freshly-cleaved mica (needed for a firm adsorption of the negatively charged DNA) are shown in Figure 3 (main script). Mainly relaxed open circular (OC) and linear (L) forms were observed on the surface. Analysis of cross sections of the different forms in the control sample resulted in heights of 0.70  0.08 nm (OC) and 0.7  0.1 nm (L), respectively (mean value  standard deviation; number of samples n=16). A few bright dots also observed on the mica substrate were identified as buffer salt deposits (height 1.3  0.3 nm, n=16). The measured DNA height is smaller than the theoretical DNA diameter (ca. 2 nm), probably due to the effect of the electrostatic interactions with the surface, as previously suggested by other authors. [23] Reported apparent heights of double-stranded DNA deposited onto mica vary within the range 0.5-2.0 nm (AFM operating in air).
[24] Images of the free plasmid were recorded as controls for all the samples under the same experimental conditions; these confirmed the stability of the plasmid after 24 h of incubation at 310 K.
2. AFM analysis of the interaction of plasmid DNA with tetramer 1: Topographical images for the interaction between cationic complexes 1 and 2 with pBR322 plasmid DNA (4363 bp) are shown in Figure S14 and Figure 3 (main script). The Os II complexes were added to solutions of pBR322 DNA plasmid at a DNA base: Os 4 ratio of 5:1.The image recorded 30 min after mixing pBR322 plasmid with tetramer 1·[PF 6 ] 4 (the more biologically-active complex) resulted in only a few particles of buffer salts observed on the mica surface ( Fig.  S14a) with an average height of 1.4  0.5 nm (n=22), comparable to those observed in the control samples (Figs. 3a, b, main script) . However, no plasmids could be detected on any of the analyzed samples. These results indicate that the DNA adduct formed by the OC or L plasmids with complex 1 (4+ charge) was less negatively charged than the pristine DNA, hence could not readily adsorb onto the positively-charged substrate and thus could not be observed by AFM. The incubation of the solution of the DNA: 1 adduct for 24 h at 310 K gave rise to an identical situation in which only buffer salt particles were observed (Fig. S14b ) with a height (1.7  0.3 nm; n=22) similar to that of the particles before and after the incubation period of 24 h (Figs. 3a, b, main script) . Surprisingly, it was however possible to image a large network of cross-linked plasmids close to a step edge of the surface on the same sample (Figs. S14c, d ). The network appeared to be directly anchored to the step and it was not possible to find any other similar structure on the terraces of the Mg 2+ -treated mica surface. Such a special situation might be due to a different termination or surface charge density of the step with respect to the planar regions of the substrate. The analysis of segments of the DNA strands involved in the network (Fig.  S14c, d ) resulted in an average height of 2.2  0.3 nm (n=26), which is ca. three times larger than the value observed for the OC and L forms of the free plasmid (Figs. 3a, b, main script) . This is most probably due to the binding of the positively-charged tetramer 1 to the pBR322 DNA plasmid which reduces its electrostatic binding to the substrate and thus increases its height when measured by AFM.
3. AFM analysis of the interaction of plasmid DNA with tetramer 2: The images of the pBR322 plasmid DNA changed drastically upon addition of the less biologically-active complex 2·[PF 6 ] 4 . Interaction with tetramer 2·[PF 6 ] 4 gave rise to the formation of aggregates of plasmid DNA which did stick onto the substrate and appeared as plasmid loops (maximum loop length along the longitudinal DNA axis of ca. 400 nm) emerging from a condensed nucleus, probably generated by the linking of several DNA strands mediated by complex 2 (see Fig. 3c , main script). The height of the plasmid DNA loops was 1.2  0.2 nm (n=19), i.e. larger than the free plasmid but smaller than the DNA: 1 adducts described in the previous section, while the condensed nuclei displayed a height of 5.8  1.2 nm (n=7). Additionally, plasmid molecules with an OC and L structure were observed on the surface (Fig. 3c , main script) with a height of only 0.70  0.06 nm (n=14). These latter molecules were assigned to unreacted free DNA plasmids.
The lateral extension of the plasmid loops became larger and the loops length along the DNA axis increased to values ranging from 600 to 900 nm after incubating the sample for 24 h at 310 K (Fig. 3d, main script) . This change can be associated with the cleavage of the tetranuclear structure 2 during the incubation period (loss of bridging ligands), thus partially releasing plasmids from the central core.
The observations that, unlike the aggregates formed with complex 1, the DNA adducts with complex 2 are strongly attached to the Mg 2+ -treated mica and their height is smaller than that of the DNA-1 adducts (i.e. they are subject to a stronger height reduction induced by electrostatic interactions with the substrate), both suggest a larger negative charge density of DNA-2 with respect to DNA-1. Given that both complexes 1 and 2 have a 4+ charge, the difference in charge density is most probably due to the smaller number of bound molecules 2 with respect to 1, caused by the more facile decomposition of 2.
Experiments carried out at a lower DNA base:tetramer 2 mol ratio (2.5:1) showed the formation of similar aggregates with loops emerging from a central condensed nucleus together with OC structures of free plasmids (Fig. S14f) . With respect to the 5:1 ratio, the overall surface density of the DNA aggregates increased and the height of the DNA loops was marginally larger, 1.4  0.3 nm (n=18), but still comparable to what observed in Fig. 3c (main script). Both observations confirm a higher linear density of 2 bound to the DNA strands resulting in the formation of more aggregates with the same shape but a slightly increased height (Fig. S14f) when using a lower DNA base:tetramer 2 ratio. Additionally, more plasmid molecules are attached to the central cores and the extension of some of the aggregate loops is larger (maximum length of ca. 1.4 m along the DNA axis) than observed for the 5:1 ratio. 4 are shown in Figure  S15 at a 30 min time-point. A very low density of plasmids, in short L and OC forms, was found on the mica surface after treatment with pre-incubated 1·[PF 6 ] 4 (Fig. S15a) , similarly to that observed without tetramer incubation (Fig. S14a, b) . This is consistent with the 1 H NMR studies that showed that after 24 h of incubation only ca. 37% of the 1·[PF 6 ] 4 tetramers decompose (Fig. S9) . In fact, the majority of the remaining intact tetranuclear molecules 1 can still bind effectively to the DNA, decreasing its negative charge and therefore preventing its binding to the Mg 2+ -treated mica substrate. As a consequence, the few plasmids attached to the surface (Fig. S15a) should correspond to DNA molecules that did not interact with tetramer 1. This was proven by analyzing their average heights -0.76  0.09 nm (n=3) for OC and 0.73  0.07 nm (n=9) for L plasmids -which are compatible with the heights measured for the corresponding free DNA forms (Figs. 3a-b, main script) .
The conformation of the plasmids did not change significantly after treatment with incubated tetramer 2·[PF6]4 (Fig S15b) , for which AFM images closely resemble those of the free plasmid control samples (Fig. 3a, main script) . This is consistent with the fact that tetramer 2·[PF6]4 decomposes completely to [Os2(η 6 -p-cym)2( 2 -OH)3] + dimers and free prz linkers after 24 h, as shown by 1 H NMR studies (Figs. 2 and S9) , thus confirming the lack of a strong interaction of this biologically-inactive species with DNA. As expected, the height of the DNA plasmids in Fig S15b is also very close to that of the control samples with values of 0.81  0.08 nm (n= 16) and 0.8  0.1 nm (n= 16) measured for the OC and the L forms, respectively. We noticed that a few of the OC plasmids appeared to be partially coiled. These data might indicate a certain degree of interaction between DNA and the monocationic Os II hydroxido-bridged dimers, although such interaction appears to occur to a lesser extent than in the case of Os II tetramers 1 and 2, which yielded DNA adducts at least twice as high.
